The legume Lotus japonicus engages in mutualistic symbiotic relationships with arbuscular 23 mycorrhiza (AM) fungi and nitrogen-fixing rhizobia. Using plants grown in natural soil and 24 community profiling of bacterial 16S rRNA genes and fungal internal transcribed spacers (ITS), we 25 examined the role of the Lotus symbiosis genes RAM1, NFR5, SYMRK, and CCaMK in structuring 26 bacterial and fungal root-associated communities. We found host genotype-dependent community 27 shifts in the root and rhizosphere compartments that were confined to bacteria in nfr5 or fungi in 28 ram1 mutants, whilst symrk and ccamk plants displayed changes across both microbial kingdoms.
Importance

44
Studies on symbiosis genes in plants typically focus on binary interactions between roots and soil-45 borne nitrogen-fixing rhizobia or mycorrhizal fungi in laboratory environments. We utilized wild-type 46 and symbiosis mutants of a model legume, grown in natural soil, in which the bacterial or fungal or 47 observed a higher sample-to-sample variation in the taxonomic profiles of the lower root zone 139 compared to the upper whole root fractions (Fig. 1B) . This greater community variation in the 140 developmentally younger region of L. japonicus roots might reflect a nascent root microbiota or 141 greater variation in root tissue and adherent rhizosphere samples that we recovered from this root 142 zone by our fractionation protocol. Based on the finding that whole root and upper root 143 compartments host comparable bacterial communities and given their greater stability we decided 144 to use the former for further analyses. For root microbiota analysis, we cultivated wild-type (ecotype Gifu) L. japonicus and nfr5-2, symrk-148 3, ccamk-13 and ram1-2 (nfr5, symrk, ccamk and ram1, from thereof) mutant genotypes in parallel 149 in two batches of Cologne soil, to account for batch-to-batch and seasonal variation at the 150 sampling site. nfr5-2 mutant plants are impaired in rhizobial Nod factor perception and signaling, 151 which prevents initiation of infection thread formation [33] . Mutations in SymRK and CCaMK affect 152 the common symbiosis pathway downstream of Nod or Myc factor perception, abrogating infection 153 either by nitrogen fixing rhizobia or AM fungi [7, 34] . The RAM1 transcription factor controls 154 arbuscule formation, and while ram1 mutants of L. japonicus are indistinguishable from wild type 155 and permit incipient AM fungus infection, fungal colonization is terminated with the formation of 156 stunted symbiotic structures [35] . All plant genotypes appeared healthy ( Fig. 2A-E ), but the shoot bacterial 16S rRNA gene and the ITS2 region of the eukaryotic ribosomal genes. High-throughput 171 sequencing of these amplicons yielded 22,761,657 16S and 21,228,781 ITS reads, distributed in 172 222 and 274 samples, respectively, which were classified into 5,780 and 3,361 distinct microbial 173 OTUs. Analysis of α-diversity revealed a general reduction of complexity from unplanted soil to 174 rhizosphere and lastly to root compartments for bacterial communities, whereas the complexity of 175 fungal communities was similar for the plant-associated compartments ( Fig. S2A and S2B) , which 176 is consistent with a recent study of A. thaliana root-associated fungal communities [32] . Bacterial 177 α-diversity was slightly elevated in the nfr5 genotype in rhizosphere and root compartments in 178 comparison to all other genotypes ( Fig. S2A ). Fungal communities were similarly diverse in the 179 rhizosphere of all tested plant genotypes, but their diversity in the root compartment was 180 significantly and specifically reduced in all three AM mutants (ccamk, ram1, and symrk; Fig. S2B ).
181
Analysis of β-diversity using Principal Coordinate Analysis (PCoA) of Bray-Curtis distances 182 showed a significant effect of soil batch on soil-resident bacterial and fungal communities ( Fig. S2C 183 and D). In order to account for this technical factor and assess the impact of the different host 184 compartment and genotypes in community composition, we performed a Canonical Analysis of 185 Principle Components Coordinates (CAP; [36] ). This revealed a clear differentiation of bacterial 186 and fungal communities in the tested plant genotypes in both root and rhizosphere compartments, 187 with the host genotype explaining as much as 7.61% of the overall variance of the 16S rRNA, and 188 13.5% of ITS2 data ( Fig. 3; P<0 .001). The rhizosphere compartments of wild type and ram1 were 189 found to harbor similar bacterial communities, but were separate from those of symrk and ccamk 190 ( Fig. 3A) . Further, the rhizosphere communities of each of these four plant genotypes were found 191 to be significantly different from that of nfr5 (Fig. 3A) . A similar trend was observed for fungal 192 communities, except that wild-type and ram1 rhizosphere communities were clearly separated from 193 each other ( Fig. 3C ). In the root compartment we found bacterial consortia that were distinctive for 194 each of the five plant genotypes (Fig. 3B ). This genotype effect was also found in the root-195 associated fungal communities, with the exception of nfr5, which was indistinguishable from wild-196 type ( Fig. 3D ). We then tested the contribution of AM and rhizobial symbionts to the observed 197 patterns of diversity, in order to determine if AM fungi (Glomeromycota) and nitrogen-fixing 198 Mesorhizobium loti (Phylobacteriaceae) are the sole drivers of these host genotype community 199 shifts ( Fig. 3 ). We performed an in silico experiment in which sequencing reads of these two 
213
Streptomycetaceae and Sinobacteraceae were specifically affected by loss of Nfr5, whereas
214
Anaeroplasmataceae and Burkholderiaceae were affected by the lack of AM symbiosis in symrk 215 and ccamk plants (Fig. 4A ). The relative abundances of the same two families were also 216 significantly reduced in ram1 roots, suggesting that active AM symbiosis influences root 217 colonization by a subset of bacterial root microbiota taxa. Six out of the ten most abundant fungal 218 families in the rhizosphere compartment of Lotus plants belonged to Ascomycota (Fig. 4B ). By 219 contrast, the root endosphere was dominated by numerous families of Glomeromycota, which were 220 found to be almost fully depleted from the rhizosphere and root compartments of ram1, symrk and 221 ccamk mutants, indicating that absence of AM symbiosis predominantly affects Glomeromycota OTUs (n=27 in the root, n=23 in the rhizosphere) belonging to diverse taxa. Many of these OTUs
232
(n=18 in the root, n=16 in the rhizosphere) showed a similar differential relative abundance in 233 symrk and/or ccamk mutants when compared to wild type ( Fig.5A 
256
In order to assess the impact of mutations of Lotus symbiotic genes on microbial interactions we 257 constructed co-occurrence microbial networks for each genotype independently using SparCC [37] 258 ( Fig. S5 ). We observed an increase in the number of edges of the networks inferred from symrk 259 and ccamk (748 and 805 edges, respectively) compared to Gifu WT, nfr5, and ram1 networks 
296
Despite unaltered fungal communities in nfr5 mutants, we found a marked shoot biomass reduction 297 of this genotype grown in natural soil (~4-fold; Fig. 2 ), revealing that intraradical colonization by 298 soil-derived fungal endophytes is robust against major differences in plant growth.
299
A recent microbial multi-kingdom interaction study in A. thaliana showed that bacterial commensals 300 of the root microbiota are crucial for the growth of a taxonomically wide range of fungal root 301 endophytes. These antagonistic interactions between bacterial and fungal root endophytes are 302 essential for plant survival in natural soil [32] . We have shown here that an almost complete 303 depletion of diverse Glomeromycota taxa from roots of each of the three AM mutants was 304 accompanied by an enrichment of fungal OTUs belonging to the families Nectriaceae and 305 Helotiales (Fig. 4 ). We speculate that the increased relative abundance of these fungal taxa is 
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We observed that members of the bacterial families of Burkholderiaceae and Anaeroplasmataceae 321 are significantly depleted in the roots of each of the three AM mutants compared to wild type.
322
Members of the Glomeromycota have been found to contain intracellular endosymbiotic bacteria 
340
Increased bacterial network connectivity in symrk and ccamk roots is more likely a consequence of 341 inactivation of the CSSP, which remains intact in all other tested genotypes. However, we cannot 342 fully exclude that the altered nutritional status in symrk and ccamk plants resulting from the 343 combined loss of metabolic activities of, and induced by both symbionts also plays a role in the 344 altered network structure.
345
Paleontological and phylogenomic studies established the ancestral origin of genetic signatures 346 enabling AM symbiosis in land plants [1, 44] . In monocots and dicots, the extended AM fungal 
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The block of soil containing plant roots was removed from the pot and adhering soil was discarded 403 manually. Three sample pools were collected: complete root systems (harvested 1 cm below the 404 hypocotyl), upper fragments of the root systems (4 cm-long, starting 1 cm below the hypocotyl) and 405 lower root system fragments (harvested from 9 cm below; the latter two were collected from plants 406 grown in the same pot (Fig. 1a ). All pools were washed twice with sterile water containing 0.02%
407
Triton X-1000 detergent and twice with pure sterile water by vigorous shaking for 1 min. The taxonomical groups are shown). RA in wt as well as in the respective mutants is displayed. 720
Significant differences compared to wt are marked with an asterisk in the color of the mutant 721 (P<0.05, Kruskal-Wallis test). Families that include known symbionts are marked in red 722
(Phyllobacteriaceae for bacteria and Glomeromyctes for Fungi). For some fungal taxa the next 723 higher rank is shown, when no family level information was available. 
